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Abstract 
Monoterpenes are naturally occurring hydrocarbons composed of two units of isoprenes. 
They exhibit antioxidant activity to scavenge reactive oxygen species, such as hydroxyl 
radicals. We investigated the potential of monoterpenes such as thymol, linalool, and 
menthol to act as radioprotectants. The proliferation of EL4 cells, a mouse lymphoma 
cell line, treated with linalool at a concentration of 500 μM or more was not affected by 
X-ray irradiation. Plasmid-nicking assay performed using formamidopyrimidine-DNA 
glycosylase showed that linalool prevented single strand breaks and oxidized purines on 
pUC19 plasmid DNA. These findings indicate that linalool has the ability to scavenge 
reactive oxygen species and is a potential radioprotector.   
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Introduction 
Ionizing radiation excites and decomposes water molecules to generate a variety of 
reactive oxygen species (ROS) in biological systems. ROS can react with cellular DNA 
molecules, resulting in a wide spectrum of cell death through single and double DNA 
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strand breaks [1]. An antioxidant molecule has the potential to quench ROS and act as a 
radioprotectant. A number of radioprotective molecules have been identified over more 
than 5 decades, such as vitamin E, melatonin, and thiol compounds [2-4]. However, few 
efficient radioprotectant molecules are available. Amifostine is the only drug approved 
by the U.S. Food and Drug Administration, in 1999, for use in radiation oncology 
clinics. However, its side effects, such as severe nausea, allergy, and acute hypertension, 
have prompted a continuing search for better radioprotective molecules [5]. 
A variety of plants have been used in folk medicine. Volatile plant extracts and 
essential oils are used in the food, cosmetic, and pharmaceutical industries on a large 
scale. They show low or negligible toxicity and have a range of biological activities, 
including anti-inflammatory and anti-bacterial activity [6,7]. Monoterpenes are the main 
components of essential oils and often show antioxidant activity [8-11].  
In this study, we investigated the radioprotective activities of monoterpene molecules, 
thymol, linalool, and menthol, which are major components of monoterpenes. In vitro 
analysis was performed to assess cell viability and DNA strand break caused by X-ray 
radiation. The results showed that linalool acted as an effective radioprotectant 
molecule in the cells. 
Experimental 
Cell lines 
EL4 cells comprise lymphomas in the C57BL/6N mouse [12]. The cells were 
maintained in Dulbecco’s modified Eagle’s medium (D-MEM) supplemented with 10% 
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heat-inactivated fetal bovine serum (FBS) and antibiotics at 37°C under a humidified 
atmosphere of 5% CO2.  
Reagents 
Three kinds of monoterpenes: thymol (CAS No. 89-83-8), linalool (CAS No. 78-70-6), 
and menthol (l-menthol, CAS No. 2216-51-5), were purchased from Wako Pure 
Chemical Industries (Osaka, Japan). Their physico-chemical characteristics are shown 
in Table 1. They were preserved at 4°C after preparing 1 M stock solution with 
acetonitrile. Formamidopyrimidine DNA glycosylase (Fpg) was purchased from New 
England Biolabs (Ipswich, MA, USA).  
Table 1 Physico-chemical characteristics of monoterpenes 
Chemical name Thymol Linalool Menthol 
CAS number  89-83-8  78-70-6  2216-51-5  
Chemical structure 
 
 
 
Molecular formula C10H14O C10H18O C10H20O 
Molecular weight (g mol-1)  150.2 154.3 156.3 
Density (g cm-3)  0.97 0.87 0.89 
Log KOW 3.3 3.0 3.4 
LD50 (mg kg-1 bw) 980 a 2800 b 2500 c 
a Jenner et al. [13]  
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b, c Organisation for Economic Co-operation and Development (OECD) [14, 15] 
Preparation of plasmid DNA 
pUC19 plasmid DNA (2,686 base pairs) was isolated and purified from the E. coli 
JM109 strain (Takara Bio, Kusatsu, Japan) using a QIAprep Spin Miniprep kit (Qiagen, 
Hilden, Germany).  
X-ray irradiation 
EL4 cell suspension (500 μL) and pUC19 plasmid DNA solution (50 μL) in 1.5-mL 
microtubes were irradiated with 5 Gy and 10 Gy of X-rays, respectively. The X-ray 
irradiation was carried out using the X-ray generator MBR-1520R (HITACHI, Hitachi, 
Japan) at 125 kVp and 15 mA with a 0.5-mm Al + 0.2-mm Cu filter, and the dose rate 
was 0.85 Gy min-1.  
Measurement of cell viability 
EL4 cells (1 × 106 cells mL-1) were pretreated with 100-1,000 μM monoterpene 
solution (final acetonitrile concentration: 1%) in serum-free D-MEM medium in a 
24-well plate (Becton Dickinson Labware, Franklin Lakes, NJ, USA) at 37°C under 5% 
CO2 for 1 hr. Control cells were incubated in serum-free D-MEM containing 1% 
acetonitrile. The cells irradiated by 5 Gy of X-rays were immediately washed twice with 
D-MEM (10% FBS), and then plated in a 24-well plate. After 24-hr incubation at 37°C 
under 5% CO2, cell viability was determined by the trypan blue exclusion assay.  
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Agarose gel electrophoresis for X-ray-irradiated plasmid DNA 
pUC19 plasmid DNA (10 ng μL-1) was pretreated with thymol, linalool, and menthol, 
respectively, at varying concentrations. Ten Gy of X-ray irradiation after, a total of 12 
μL (100 ng) of plasmid DNA solution was separated by electrophoresis on a 1.2% (w/v) 
agarose gel containing ethidium bromide in TAE buffer at 50 V for 100 min. The 
intensity of the target bands was analyzed by Image-J software (National Institute of 
Health, Bethesda, MD). The intensity ratio of the closed circular form (CC) to the 
opened circular form (OC) was corrected to 1.4 [16]. 
Detection of oxidized purines formed on irradiated plasmid DNA 
Plasmid DNA (10 ng μL-1) treated with 100 μM thymol, linalool, and menthol for 1 hr 
was X-ray-irradiated at 1 to 10 Gy. After the X-ray irradiation, 1 unit of Fpg (1.95 ng 
μL-1) was added to each plasmid DNA sample (200 ng). The mixture was incubated at 
37°C for 1 hr. A total of 12 μL of samples was then separated by agarose gel 
electrophoresis. The band intensity of CC, OC, and linear form (L) was analyzed by 
Image-J software. A dose-response was determined from the logarithmic loss of CC 
plasmid DNA for the radiation dose. From the slope of this response, a D37 value was 
obtained which, assuming Poisson statistics for single strand break (SSB) induction, 
represents the radiation dose required to give on average one SSB per plasmid molecule. 
Using the D37 value, an average number of SSB (Gy-1 Da-1) was calculated as: 
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SSB number �Gy-1 Da-1� = 
1
D37 × 2,686 × 660 (1) [16]  
where 2686 is the pUC19 plasmid base pair number and 660 is the molecular mass of 1 
base pair. The number of oxidized purines was calculated as: 
Oxidized purines �Gy-1 Da-1�  = SSBFpg  −  SSB0   (2) 
where SSBFpg is the SSB number after Fpg treatment, and SSB0 is Fpg non-treatment. 
Results 
Effect of monoterpenes on EL4 cells 
To analyze the effect of monoterpenes on EL4 cells, the cells were incubated with 
thymol, linalool, and menthol at a concentration of up to 1,000 μM, respectively. At 
least 500 μM of menthol showed an effect to enhance proliferation. Linalool also 
enhanced proliferation at 1,000 μM. On the other hand, thymol markedly reduced 
proliferation at 500 μM (Fig. 1). 
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Fig. 1 Effect of monoterpenes on cell growth. Mouse lymphoma EL4 cells were treated 
by monoterpenes for 1 hr, and further incubated with the monoterpene-free medium for 
24 hr. Cell viability was measured by the trypan blue exclusion test. Results represent 
the percentage relative to control cells without terpenoids, and show the means of three 
independent assays ± SD 
Effect of monoterpenes on cell survival 
Effects to protect against radiation were examined by analyzing the cell death rate after 
5 Gy of radiation. Among the three kinds of monoterpene, linalool significantly reduced 
cell death in a dose-dependent manner. Nearly 80% of cell viability was observed at a 
concentration of 1,000 μM (Fig. 2). No effects to protect against radiation were 
observed for thymol or menthol.  
 
Fig. 2 Effect of X-ray irradiation on cell growth. EL4 cells were pretreated with 
monoterpenes for 1 hr prior to 5 Gy of X-ray irradiation. After the X-ray irradiation, the 
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cells were incubated with monoterpene-free medium for 24 hr, and cell viability was 
measured. Results represent the percentage relative to the monoterpene-free cells 
without irradiation, and show the means of three independent assays ± SD (* p < 0.05; 
** p < 0.01, t-test) 
Effect of monoterpenes on radiation-induced DNA damage 
We then evaluated the effect of monoterpenes to protect against the radiation-induced 
DNA damage. pUC19 plasmid DNA in monoterpene solution was irradiated with 10 Gy. 
Ten Gy was the optimal dose for observing an efficient DNA break. The opened circular 
(OC) form, which resulted from DNA strand break, was analyzed by electrophoresis. As 
shown in Fig. 3, linalool significantly reduced the OC form in a dose-dependent manner, 
clearly indicating its effect to protect DNA from radiation. Thymol and menthol showed 
a limited protective effect even at 1,000 μM.  
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Fig. 3 a and b Analysis of radiation-induced DNA damage. Gel electrophoresis image 
of pUC19 plasmid DNA treated with monoterpenes. a. No X-ray irradiation; b. 10 Gy of 
X-ray irradiation; c. Percent relative quantities of CC and OC forms were calculated 
from b. Each result is the means of three independent assays ± SD 
Quantitative analysis of effects to prevent SSB on radiation exposure 
The effects of monoterpenes to protect against radiation were examined quantitatively 
by SSB production analysis. An oxidized damages of plasmid DNA is detected as SSB 
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using Fpg protein, that recognize and excise oxidized purine nucleotides [16-18]. The 
dose dependence of the CC DNA amount for X-ray irradiation of pUC19 plasmid DNA 
is shown in Fig. 4a and 4b. From the dose-dependent curves, the yields of SSB were 
calculated from the D37 values using equation 1. As shown in Fig. 4c, a significantly 
lower amount of the oxidized purines was found in the sample with linalool treatment, 
clearly showing the effectiveness of linalool to protect against radiation by an 
antioxidative mechanism. Thymol and menthol showed a limited effect on DNA 
cleavage. 
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Fig. 4 Analysis of SSB of pUC19 plasmid DNA induced by X-ray irradiation. a Gel 
electrophoresis image showing the dependence of SSB induction in DNA on the X-ray 
dose following post-irradiation incubation in the presence or absence of Fpg. b X-ray 
dose-dependent curves of percent CC form of DNA calculated from the Fpg treatment 
group in Fig. 4a. c Yields of the oxidized purines produced in pUC19 plasmid DNA 
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after X-ray irradiation. Each result is the means of three independent assays ± SD (* p < 
0.05; ** p < 0.001, t-test) 
Discussion 
Monoterpenes, which are the main components of aromatic essential oils, are abundant 
in flowers, leaves, fruits, and bark. They have a wide variety of bioactivities, such as 
antioxidant activity [8]. Antioxidant activities of essential oils extracted from coriander, 
eucalyptus, juniper, cumin, basil, and thyme have been reported [8-10]. 
In this study, three kinds of monoterpenes: thymol, linalool, and menthol, were 
analyzed to assess their radioprotective activities in vitro. Among them, linalool showed 
a potent radioprotective activity. It is abundant in lavender, coriander, cumin, cinnamon, 
and ginger, and has been commonly used in perfumed products. The proliferation of 
EL4 cells, a mouse lymphoma cell line, treated with linalool was not affected by X-ray 
irradiation. Linalool also markedly reduced SSB and oxidized purines induced on 
pUC19 plasmid DNA by X-ray irradiation. Radiation-induced radiolysis of water 
generates a variety of ROS which cause the direct damage of cellular DNA. Linalool 
may possess the ability to neutralize ROS, especially hydroxyl radicals, during 
irradiation and is considered to be an efficient radioprotector. On the other hand, thymol 
and menthol did not show any radioprotective activity. Thymol inhibited cell 
proliferation at 500 μM.  
In addition to antioxidant activity, many volatile components in essential oils have 
been reported to possess anti-inflammatory and anti-cancer effects. Thymol, linalool, 
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and menthol exhibited anti-cancer effects against human tumor cell lines, such as 
prostate cancer [19,20], malignant melanoma [21], colon cancer [22], and gastric cancer 
[23]. They suppressed cell growth and induced apoptosis in tumor cells in a time- and 
dose-dependent manner. In our radioprotective study, EL4 cells were incubated with 
thymol, linalool, and menthol for 1 hr. Linalool and menthol enhanced the proliferation 
of EL4 cells in a dose-dependent manner. However, all 3 monoterpenes suppressed cell 
proliferation after 24 hr of incubation, being in agreement with the previous studies. 
Menthol showed marked inhibition at 1,000 μM (data not shown).  
Traditional medicinal plants have been used for pharmaceutical and dietary therapy 
for several millennia in East Asia. Several studies indicated the usefulness of some 
medicinal plants and their extracts as radioprotective reagents. Extract from plants, such 
as ginseng, Citrus, and Mentha, have been found to have radioprotective effects in 
mammals [24-26]. The treatment of Chinese hamster lung fibroblasts with thymol (25 
μg/mL) prior to 10-Gy gamma radiation protected the cells against radiation-induced 
cytotoxity [27].  
Taken together, our in vitro analysis of monoterpenes in cells as radioprotectors 
against X-ray radiation revealed that linalool has a potent radioprotective effect. 
Linalool may be used as a radioprotector or radiorecovery reagent during both planned 
and unplanned radiation exposure.  
Conclusions 
In this study, we showed notable radioprotective effects of monoterpenes. By the cell 
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proliferation assay and the plasmid-nicking assay, linalool revealed a strongest 
radioportective effect among three monoterpenes investigated. As we also confirmed 
low cytotoxicity of linalool, we concluded that linalool can be used as a potential 
radioprotector. Further studies will be needed for radioprotective effects of a variety of 
monoterpenes.. 
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